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Abstract 
This paper describes a fast automatic method to generate schematic transportation maps from location data. 
Maps in general are commonly produced by hand or by purely graphics software. This is a difficult and time consuming 
task that also needs a skilled map designer, which results in an expensive outcome. 
A configurable force-directed algorithm allows fast creation of eye-pleasing schematic maps, avoiding labor-intensive 
manual arrangement. In the other hand, different sets of design rules and constraints may be used to quickly generate 
alternatives, and allow the configuration of a distinctive graphic style. 
This document presents some of the rules and constraints that may be used to output a map that meets certain criteria in 
order to be used as a spider map in transportation systems. We show results with real public transport network datasets, and 
discuss possible evaluation criteria. 
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1. Introduction 
Schematic maps have gained relevance over time. For instance, the iconic map of London Underground 
designed by Harry Beck [1] is a schematic metro map that serves thousands of travellers in London transport 
system. Since then similar schematic diagrams have been used to guide travellers on public transport networks. 
These maps are a simplification of the reality, and by this we mean that the space between stations is 
changed and lines run at regular angles. The main objective of this transformation is to ensure an easy 
navigation through the network. Maps, in general, are commonly produced by hand or with graphics software. 
This is a difficult and time consuming task that also needs a skilled map designer, which results in an expensive 
outcome. 
This work aims to automate the drawing of schematic maps. It produces a final schematic map that respects 
some restrictions, and this involves other issues like design guidelines and map usability. First it is necessary to 
identify the design rules, restrictions and aesthetic criteria that define a good layout map. 
Users of maps typically need detailed information about their surroundings and some context information. 
With this purpose, a different type of schematic map has appeared recently to represent public transportation 
networks called spider map. This type of map presents new features such as a spider structure and a central 
region with spatial context communication. A spider structure is a kind of network with a central area in which 
all the transportation lines converge. These maps are designed to particularly complex areas, such as urban 
centers. For instance, see the Oporto Spider Map with focus area in “Hospital São João” in Figure 1 [2]. 
This kind of schematic is a recent kind of information 
representation and is currently used to represent bus networks in 
London [3], Lisbon [4], Oporto [2] and Dubai public 
transportation companies [5]. Therefore there is not much 
scientific information available and all case studies are based on 
real and empiric data which can be acquired by analysing the 
covered cities’ transportation system maps. 
There still exists a big struggle in defining what design 
features characterize a good scheme. To observe this fact, we 
can refer to the Madrid metro map [6], where design changes 
cause some disagreement among the users. It was created 
another alternative format by “Andén 1” association [7]. 
We propose a novel approach for how to rapidly produce 
good looking schematic maps by creating a parameterized force-
directed algorithm in order to obtain the desired result. We produce only the schematics part, this is due to the 
ambiguity associated with the evaluation of test benches on the central detailed map. 
To visually evaluate a map may seem an easy task, but doing it in an analytical and theoretical way is a 
difficult, relative and cumbersome job. 
Although, there  is  some  closely  related  work,  one  paper describes  an  attempt  to  solve  the metro map 
layout problem Jonathan Stott et al. 2010 [8] using a hill climbing  multi-criteria  optimization  technique  to 
automatically generate good layouts of metro maps. Martin Nöllenburg [9] also aims to automate the task of 
design metro maps, but using a mixed-integer linear program (MIP) approach, which always finds a drawing 
that fulfils all hard constraints. 
A different method is used by Haunert and Sering [10]. They use variable-scale map projections, commonly 
called "fish-eye view", which produces maps with focus regions. 
The rest of this paper is organized as follows: Section 2 gives a detailed description of our method; Section 3 
describes results; In Section 4 we present discussion and Section 5 gives our conclusions. We end the research 
in Section 6 and point out directions for further work. 
Figure 1 - STCP Oporto network, Hospital São João.
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Nomenclature 
Node the public transportation stop, also called vertex or point. 
Edge  represents the line that connects two nodes, also called connection. 
2. Method 
Previous works focus on achieving optimal solutions, as much as possible, for designing spider maps. These 
solutions intend to meet aesthetic design and a set of constraints, which are different in every single approach, 
depending on the results required. We focus on having a fair-good solution in very short computational time 
that can be later enhanced by professionals, even with poor graphical design skills. In this way we decided to 
implement a force-directed algorithm as stated previously [11]. The desirable layout is a map with straight lines 
that represents a simplification of the reality. However it must maintain the original network topology. 
The implemented method has three steps: (i) Initial dataset manipulation, (ii) Force-directed iterative loop 
and, in the end, (iii) Final adjustments. The obtained result must respect, in some way, the algorithm 
parameterization to represent a possible and valid solution. We have taken into consideration other authors’ 
related work in order to avoid possible unexpected problems. 
2.1. Algorithm 
To obtain the desired layout we use several criteria such as the spacing between nodes, a uniform 
distribution on objects in map area, minimum crossing lines and other layout rules or restrictions. In order to 
apply these restrictions it is necessary to find a way to introduce this knowledge and information into the 
algorithm. 
We decided to implement a force-directed algorithm to solve the problem, because it is a commonly used 
algorithm for similar problems and it is a solution that is computationally lightweight. It is also relatively quick 
to implement, providing acceptable results though it is not optimal [11]. 
The forces have to reach equilibrium, in order to do this it was decided that the attractive force would be of 
the distance linear type and the repulsive force would be the inverse of the distance square. 
Figure 2 – Coulomb´s Law 
(1)
Figure 3 - Hooke´s law 
kxF −=  (2)    
We use Coulomb´s law to represent repulsion and Hooke´s law to represent attraction between network 
nodes and to explain the algorithm we can compare the attractive forces with springs and repulsive forces with 
magnetic fields, so we have the following considerations: 
The repulsive force occurs between all nodes, where each node is repealed by all the other ones. This force 
was equivalent to the force of electrostatic repulsion between particles that is represented by Coulomb's law 
formula (1), where "k" represents a constant "Q" represents the charge and "r" the distance. 
Once the vertices have the same characteristics, the variable "Q" is ignored because it acts as a constant in 
the calculation of forces. In the process, a set of optimized values for the constant "k" was created and those 
values take into account the specific problem through testing. According to the formula (1) the force decreases 
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quadratically with the increase of distance, similarly to the gravitational behaviour or electrostatic interaction 
between bodies. 
The attractive force is applied at each node by its connections to other nodes. Therefore, we can see these 
forces as springs connecting the vertices, giving it moving flexibility. This force is then calculated using 
Hooke's law, which is described by the formula (2), where "k" is a constant and "x" represents the distance 
between nodes and it is also the length of the spring. The resulting force is always proportional to the distance. 
Furthermore, the movements along the iterations are calculated based on these forces, in addiction with other 
parameterization constraints, detailed in subsection 2.2. 
Some algorithm requirements or rules were defined, which are presented in Table 1. 
Table 1. Algorithm Rules 
Rules Description 
R1 Two lines intersect each other if at least a pair of edges intersect. 
R2 Two lines with the same source or destination does not intersect. 
R3 Two nodes are equal if they have exactly the same coordinates. 
R4 Deterministic, the same parameters in the same dataset has the same result. 
R5 The flow of execution is dependent on the parameterization. 
2.2. Parameterization 
The method has a group of parameters and configurations that can affect the result. It is important to create 
an adaptive and adjustable parameterization, in order to produce a better result. 
The parameters are presented below and grouped according to their purpose: 
For testing commitments the parameters are “test name” and a flag to make the output more verbose and 
coloured. 
For an initial dataset simplification purpose, a parameter activates a flag to merge nearby nodes. The 
distance threshold is also configurable and, as such, the algorithm configuration values are: 
• A flag that controls if is to run the force-directed algorithm; 
• Spring constant value for Hooke´s law which defines the attraction force; 
• Charge constant value for Coulomb's law, which defines the repulsion force; 
• Maximum repulsive force percentage that can be applied in a single node; 
• Damping value is an effect that reduces the amplitude of oscillations in an oscillatory system. It helps the 
system to find equilibrium; 
• Spring length, it is defined as the minimum distance percentage between nodes; 
• Stop criteria, it is possible to define which is the stop criteria or combine multiple criteria. The algorithm can 
stop when it reaches an iteration number, maximum execution time or a maximum algorithm iterations 
without pass the minimum displacement defined. 
Design restrictions: 
• It is possible to pin starting nodes of a line in the original position as well as end nodes or common nodes; 
• Maintain cross connections between different lines;
• To push to the original coordinates, an extra attraction force is applied to push the node to his original 
position with a default 1% weight. This option permits to obtain a result similar with the original; 
• Limit node max displacement, prevents a node to move if his displacement exceed a threshold; 
• In an attempt to attract the final disposition for a grid, the connections that reach throughout the algorithm 
positions multiple of 90º angles are fixed. This occurs only after 50% of iterations. 
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After the algorithm execution step, the final adjustments can be applied: 
• If the angle direction variation of a line is less than 75º angle, a force to move the position of the nodes to 
form a straight line is applied; 
• When differences of longitude and latitude coordinates of the vertices of a connection is below a certain 
threshold, both will get the same value, it will make grid result; 
• Making a round of the coordinates to give a grid aspect, the rounding threshold is parameterized. 
2.3. Evaluate Function 
If we look at existing network maps, we verify that they are a modification of the original network layout. 
The purpose of these maps is to guide travellers through the transport network. With this in mind we can 
observe that they must be as simple as possible. We are able to rapidly enumerate some features that ensure the 
simplicity of these maps: 
• Lines are at regular angles; 
• The stations are separated; 
• Label placement with no overlapping. 
In order to compare the results produced, it is necessary to use some metric. Each of these metrics has a pre-
defined weight, because not all evaluation metrics are equally important. It was created a function to evaluate 
the results automatically with some heuristics. The final output is a numeric rate that is intended to be 
minimized. The chosen criteria used to metrics’ calculation are presented in Table 2. 
Table 2. Criteria that is evaluated by the function
Criteria Identifier Criteria Weight Criteria Description 
A c1 Segments rotation variation from the original position. 
B c2 Displacement from the original position. 
C c3 Line crossings variation. 
D c4 Line length variation. 
E c5 The dispersion of the points checking for ready close vertices. 
The final evaluation result weighted metric equation. 
2.4. Prototype 
We created a prototype application to support the development and display the results graphically. It is 
intended to graphically visualize the evolution of the algorithm. We use Microsoft .Net framework to build a 
GDI+ application [12] in order to rapidly create the network (in what performance is concerned). 
The prototype presents each line with a different colour and the common nodes are highlighted. It is possible 
to compare the original network with simplified one, in a graphical way, and export diagram images. 
The result produced is entirely dependent on the parameters, allowing the use of different parameters to 
produce different results. Ultimately, the resulting map can be chosen by the system operator from a set of 
solutions produced. 
c1 * A + c2 * B + c3 * C + c4 * D + c5 * E
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3. Results 
Simonetto et al. [13] state that removing the repulsive forces between the nodes of a line results in the curves 
reduction. We tested this hypothesis and we could not achieve the desired result. The most relevant tests were 
those that used a set of parameterizations to produce a group of maps for each dataset. The maps produced were 
visually compared with existing maps to detect design problems and it is concluded that a configurable force-
directed algorithm allows a greater output control. As the main outcome of the investigation we confirm that 
extremely closed nodes must be merged into one, as they may commonly refer to the same stop but in different 
sides of the road. 
The design principles have evolved over the schematic maps history. When combined, these principles 
create a better and cleaner map with more quality. Although the measurement of the map quality is a difficult 
task, it is essential to evaluate using quality criteria and alternatively, it can be measured manually by 
evaluating the performance of the participants by using the map for the purpose which it was designed. We 
have defined two test hypotheses: (i) The created map is better for routing purposes so the task is easier and (ii) 
The created map is more pleasing than the geographical one.  
To test these hypotheses, we created an evaluation function that compares the map produced with the 
original version, taking into account some metrics that define a good map. Due to the specific characteristics of 
certain datasets we identified some particular problems that caused an unexpected result. 
3.1. Datasets 
Different data sources were used in order to test the algorithm capacity to generate maps. 
Initially we used the test databases from the clients of Tecmic SA. †  In a more advanced stage of 
development, it became necessary to compare the results with other existing works. 
We used Jonathan Stott [8] work datasets from Atlanta, Auckland, Madrid, San Francisco, Stockholm, 
Sydney and Washington Metro map. However, it was necessary to make some corrections because of some 
minor coordinate errors. The datasets characteristics are presented in Table 3. 
Table 3 - Datasets Characteristics and algorithm runtimes 
Map Name Nodes Lines Edges Runtimes 
Atlanta 39 2 36 1.81 seconds 
Auckland 39 2 54 2,18 seconds 
Madrid 190 11 227 2,87 seconds 
San Francisco 43 6 98 8.48 seconds 
Stockholm 100 3 102 11,67 seconds 
Sydney 173 10 287 36.68 seconds 
Washington 83 5 105 41.84 seconds 
We used metro maps as test data, because they are commonly used in research. Several authors such as 
Martin Nöllenburg [9], Jonathan Stott and Peter Rodgers [8] and Daniel Chivers [14] used these and other 
†
 Tecmic, Tecnologias de Microelectrónica, SA; http://www.tecmic.pt 
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datasets in their work. As such, the metro networks of major cities are geographically referenced in public 
maps, making it easy to generate a dataset. 
3.2. Experiment Results 
The tests were executed on a Core 2 CPU 1.87GHz with 3GB of RAM with 64bits Windows 7 Enterprise 
edition. The code runs in a .Net Framework V4.0. The loop size for the force-directed loop stop criteria was 
500 iterations. We will the focus the datasets analysis in Atlanta, Washington, Madrid and Sydney for its 
difference complexity. The test runtimes are presented in Table 3. 
3.2.1. Atlanta 
Figure 4 - Original geographic layout of the 
Atlanta metro system. 
Figure 5 - Automated layout with default 
parameterization. 
Figure 6 - Automated layout with straight 
lines. 
3.2.2. Washington 
Figure 7 – Original geographic layout of the Washington 
metro system. 
Figure 8 - Automated Washington layout with 
default parameterization. 
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3.2.1.  Madrid 
3.2.1.  Sydney 
Figure 11 – Original geographic layout of the Sydney 
metro system. 
Figure 12 – Automated Sydney layout with default 
parameterization. 
4. Discussion 
We can say that the formulated method is fast because it produces results within a few seconds, which is a 
humanly acceptable time, since the most common human tasks have much longer durations than the time that is 
needed to generate large spider maps. 
It is possible to demonstrate the relation between map complexity and our method execution time, presented 
in Table 3. 
As we can see in Figure 14 the relation between the runtime is approximately linear when related with the 
number of nodes. This means that the runtime is strongly dependent on the network complexity, although this 
is not a critical point. This is due to the fact that this work is intended to be used in public transportation 
systems and those do not scale indefinitely. 
We calculate that our method runs in 2 minutes if a network has 500 stations. Another performance metric 
can be the time per node (time/node) which is represented by the slope of the trend line which is 0.26 seconds. 
In order to turn the produced schematics into spider maps, we intend to manually select a central area image 
and place it in the reference network node as represented in the story board in Figure 13. 
Figure 9 - Original geographic layout of the Madrid metro system. Figure 10 - Automated Madrid layout with default 
parameterization. 
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Figure 13 - Story Board for the spider maps production.Figure 14 – Graph that relates the complexity of the network with the runtime. 
Despite the absence of usability tests, it is possible to sustain our work through empiric laws (referenced 
below), case studies and related work, making it possible to affirm which aspects can be taken into account for 
the construction of schematic maps that result in improved usability. 
Hick’s law, [15] describes the time it takes for a person to 
make a decision from all the possible choices. This law is 
related with cognitive information capacity in choice reaction 
experiments. The stimulus–response compatibility is known to 
also affect the choice reaction time for the Hick–Hyman Law. 
Taking this into account, we can observe that a map with no 
overlapping and well distributed points result in a more usable 
and friendly map. We can also say that a good looking map 
produces a stimulus which results in a faster choice action. 
Silvania Avelar [16] presents a case study of schematic 
map design for a public transport network to show the need of 
support for cartographic science, giving some design 
guidelines and Hong et al. [17] derive some criteria for a good 
metro map layout. 
Since different authors can use different criteria to 
define what a good metro map is, the process of generating 
these maps is relative and due to this fact it is not possible 
to assertain this criteria as being the right one. 
If we analyse this map (Figure 15) we can rapidly observe similarities with our Atlanta schematic map, 
using our research as a proof of concept for what is being done in the state of the art of this field of study. [8] 
The parameters of the algorithm have a large combinatorial. A possible solution is to implement a loop 
feedback mechanism or a meta-optimizer to optimize and automate the parameterization task. 
The other well knowing improvements were related with absent automatic labelling and manual adjustments 
required. 
Figure 15 - Atlanta MARTA automatically-drawn map by 
Jonathan Stott et al. method. 
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5. Conclusion 
Force-directed algorithms seem to be useful to automate the production of schematic maps, producing 
beautiful eye-pleasant maps in a rapid fashion. Nonetheless, the implemented design restrictions are essential 
for the algorithm’s success. 
The contribution of this work is totally focused in the creation of a parameterized force directed algorithm 
for Spider Map creation. As accessory contributions we can enumerate the identification of design constraints 
and the use of GDI+ to represent the application resultant map. 
Our approach is faster when compared to pseudo-random search methods. Moreover, the requirements for 
the layout can be specified as parameters. However, this does not guarantee that the metrics are completely 
satisfied. 
Automatic tools for map layout creation can certainly be used for producing a good quality layout quickly as 
it is proved here. Although a designer can achieve a possibly better layout, this can only be achieved with an 
extremely bigger effort and an optimal solution will be to combine the automatic generation with the 
observation and adjustment by a designer. 
6. Future Work 
After all the research there is still much room for improvements. The algorithm is not able to produce a 
result that dispenses final adjustments. This is due the fact that the algorithm does not satisfy the defined 
criteria entirety. We planned to implement other design techniques and methods in order to improve final 
layout quality. Automatic labelling adjustments are also necessary to be implemented. Experiments with other 
datasets are also planned.  
In schematic maps some details are absent and this can provoke some comprehension problems to people. In 
Madrid metro map case study, the new map has created some disagreement about the layout and consequently 
his applicability and usability. This fact is for the reason that not all the metro users agree in the same way with 
the drawings. Some prefer a geometric map and others like a more reality oriented map. It would be interesting 
to prove these facts and test the idea of focus areas in this work, simplifying only the more complex zones, 
maintaining as much real details as possible. 
These kinds of algorithms have a long story and new variants appear every year in research works. These 
characteristics catch the attention of multiple research areas and these types of algorithms will continue to be 
part of many projects with the aim of constructing a scalable and capable algorithm that supports new graphic 
designers and user’s ambitions and needs. 
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